ABSTRACT As a novel technology in the field of petroleum exploitation, rock breaking with supercritical carbon dioxide (SC-CO 2 ) has considerable social and economic benefits. To investigate the rock breaking mechanism under SC-CO 2 jet impacting in terms of mass and energy conservation, a fluid-solid coupling numerical model was established using smoothed particle hydrodynamics (SPH) method coupled with the finite element method (FEM). Jet movement feature and the stress distribution rule of impact target were obtained. Moreover, the space-time evolution of erosion cavity and failure process of elements were analyzed. The numerical research results are as follows: (1) the hybrid algorithm of SPH-FEM was effective for obtaining the numerical representation of rock breaking process under SC-CO 2 jet impacting, and the simulation results were in good agreement with the experimental data. (2) The asymmetrical distribution characteristics of monitored points caused the erosion cavity to deviate from the geometrical center of the target face. (3) Soft rock under SC-CO 2 jet impacting presented two failure forms: erosion and exfoliation. (4) The process of rock breaking with SC-CO 2 jet was as follows: when the jet came into contact with the target plane, the pressure stress on the mating face and shear stress on the contact edge dominated the evolution of initial compression-shear failure zone. Thereafter, the high diffusivity-driven SC-CO 2 penetrated into tiny cracks or pores near the failure zone, and strong air wedge effect caused tensile failure. With continuous high-speed impacting, the initial failure zone extended to a larger primary failure zone. Moreover, a few discrete failure zones were formed due to the high uncertainties of particles' motion trajectories, which mutually contributed to the main failure zone, and the erosion cavity was formed. When the jet became steady, quasi-static action was applied to the rock sample, and the erosion range expanded continuously.
I. INTRODUCTION
Carbon dioxide (CO 2 ) has wide application prospects in industrial field due to its advantages of low manufacturing cost, stable chemical properties, high safety, etc. In the resources development field, CO 2 has become a new rock breaking medium and its potential application value is being further developed [1] . Liquid CO 2 blasting technique (CARDOX) is a typical example which was extended to coal mining and provided good economic benefits [2] .
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Rock-breaking process of liquid CO 2 blasting technique proceeds as follows. Firstly, phase transition of liquid CO 2 is stimulated by instant heating, and CO 2 medium is released in the form of high energy jet. Then, energy is accumulated in the borehole in a very short time, and gas expansion dominates the rock breaking [3] . As crack propagation has the feature of distinct preferred direction, this technique has potential application value in metal mines, such as induced caving of roof, presplitting blasting, etc. Furthermore, America spearheaded the application of SC-CO 2 medium in drilling engineering, and coiled tubing drilling with SC-CO 2 was implemented. The completion quality of oil well has a significant effect on its productivity and economic life [4] . It also decides whether the entire oil field can be properly developed. Therefore, drilling technology with high efficiency and low cost is an important research focus in the oil industry. Apart from the equipment wear of drilling firmware, drilling medium dominates the cost during drilling process. The role of drilling medium is critical for efficient drilling. Therefore, the physical characteristics of SC-CO 2 have been extensively studied. Results reveal that SC-CO 2 possesses several advantageous properties, such as large diffusivity, high density, low viscosity, and high solvency, which are conducive to increasing the porosity and permeability of the reservoir, thus improving oil fluidity. Consequently, the output and recovery rate of oil or gas in single well are increased. Moreover, the use of SC-CO 2 avoids the groundwater contamination inevitably caused by traditional hydraulic fracturing [5] - [7] . Based on the above properties, SC-CO 2 is considered a very promising drilling medium.
The three main CO 2 cracking techniques, namely, blasting with liquid CO 2 ,coiled tubing drilling with SC-CO 2 and SC-CO 2 fracturing technique, are all based on loading CO 2 to rock mass in the form of high-pressure jet. Therefore, it is necessary to clarify the rock breaking mechanism of SC-CO 2 jet. The experiment of assisted coiled tubing drilling with SC-CO 2 was carried out by J. J. Kolle, and the results revealed that the immersion of SC-CO 2 can cause rock damage and effectively reduce the threshold pressure of rock breaking [8] . The experimental equipment for simulating SC-CO 2 drilling fluid circulation was developed by Ming W Z, which laid a foundation for its industrial application [9] . Also, SC-CO 2 drilling test device was developed, and a rock breaking experiment was performed with it [10] . The results showed that jet pressure, jet temperature, jet distance and confining pressure were the main factors affecting the rock-breaking performance of the device [11] . Furthermore, rock breaking mechanism under SC-CO 2 jet impacting was investigated at the microcosmic level, and the fracture morphology was obtained [12] . High speed photography is an important tool in dynamic kinetic studies [13] . However, due to limited lens angle, blind zones are inevitable. In addition, it is difficult to perform an in-depth analysis of the internal evolution process of the observed object. Numerical simulation is a low-cost and high-efficiency research method compared with laboratory experiments, which is widely used in the research field of supercritical jet fluid. Although flow field information and thermal properties of fluid medium can be researched by general computational fluid dynamics technique, the numerical characterization of supercritical phase states is difficult. Therefore, there are few reports on the numerical representation of SC-CO 2 erosion process [14] - [18] . Finite element method (FEM) is a typical mesh mapping algorithm, which is well-established with high computational accuracy and reliability. However, mesh distortion can occur if the deformation is large [19] . As the SC-CO 2 jet shows the feature of rapid volume expansion, the error of negative volume caused by FIGURE 1. Flow schematic of the SC-CO 2 jet rock-erosion experiments [11] .
mesh distortion often appears in the numerical simulation with general FEM method. Therefore, it is difficult to realize the numerical representation of SC-CO 2 with FEM method in dynamic impact analysis. Smoothed particle hydrodynamics (SPH) method is a representative meshless method, which is appropriate for characterizing complex flow fields with coordinate points [20] , [21] . Combining the individual advantages of these two methods, a hybrid SPH-FEM algorithm has been implemented in this work to simulate the rock breaking process of SC-CO 2 jet impacting using LS-DYNA software. According to numerical simulation results, the rock breaking process can be observed repeatedly with a multi-perspective approach, which can provide an in-depth interpretation of the rock breaking mechanism. The hybrid algorithm can provide a novel research approach for rock breaking with SC-CO 2 jet impacting, and the research results can provide guidance for the application of SC-CO 2 jet rock breaking technology in engineering fields.
II. SC-CO 2 JET ROCK-EROSION EXPERIMENTAL SETUP
The SC-CO 2 jet rock-erosion experimental setup is shown in Figure 1 . Firstly, high pressure liquid CO 2 controlled by a flow meter flows into the water bath heater and its temperature increases, which transforms liquid CO 2 into SC-CO 2 . Secondly, SC-CO 2 jet impacts the rock in the testing chamber and discharges from the exit mixed with lithic fragments. For recycling CO 2 , the discharged CO 2 and impurities are separated using a fluid purification device. Solid impurities are separated first, and fluid impurities are cleared in the next step. Pure CO 2 is cooled and returned to the storage tank with liquid phase [22] .
III. NUMERICAL MODEL A. PHYSICAL MODEL
Physical model for supercritical jet is shown in Figure 2 . Before SC-CO 2 jet impacts the target, there is a free 55486 VOLUME 7, 2019 FIGURE 2. Flow regions of a submerged impinging jet [24] .
submerged jet outside the nozzle. SC-CO 2 jet generates friction with the surrounding static medium, which results in energy exchange due to the shearing action. Fluid motion characteristics change significantly near the outer layer of the jet. Velocity gradients at the nozzle exit result in velocity variations. Nevertheless, original motion state of the flow interior remains unchanged, which constitutes a quasi-conical unperturbed region (potential core). The width of the potential core decreases along the center axis as the shear layer and turbulence level grow [23] . The potential core is followed by a decaying jet region where the axial velocity diminishes continuously. When the jet approaches the surface of the rock sample, it enters a region called the stagnation region where axial velocity is attenuated greatly and the velocity direction is compelled to change. Axial velocity is transformed into horizontal acceleration, and a high static pressure is applied on the rock sample.
B. PHYSICAL CHARACTERISTICS OF SC-CO 2
Supercritical fluid has the dual properties of liquid and gas, and it can be regarded as a dense gas with high viscosity [25] . The density under different temperatures and pressures is usually calculated by the gas equation. The Peng-Robinson (P-R) equation (as shown in Equation (1)) was proposed in 1976, which can be used to calculate the molar volume of SC-CO 2 with high precision. According to this equation, the gas density at a given temperature and pressure can be obtained as follows [26] ,
where P, T , V , T c , and P c represent the pressure, absolute temperature, molar volume, critical temperature, and critical pressure, respectively; R denotes the universal gas constant which is equal to 8.314 J · gmol 1 · K; T r is the reduced temperature: T r = T /T c ; and ω represents the acentric factor and has a value of 0.225 for CO 2 .
Viscosity is an inherent property of fluids, which is responsible for mechanical energy loss during the process of fluid motion. Cross charting, state equation method and experience formula method are the three main methods for calculating the viscosity of supercritical fluid. Yu developed a software with C programming language to calculate the physical properties of supercritical natural gas in wellbore on the basis of experience formula [27] . Furthermore, Chung's experience formula was demonstrated to be highly suitable for calculating fluid viscosity in high temperature and pressure conditions. It is currently one of the most effective methods, and its calculation errors are within 5% [28] .
C. GOVERNING EQUATIONS OF FLOW FIELD 1) DYNAMICAL GOVERNING EQUATIONS
Regardless of engineering or experimental conditions, the SC-CO 2 medium is produced by transformation of liquid CO 2 by heating. The simplified model of SC-CO 2 jet impinging on rock according to the principle of mass conservation is shown in Figure 3 , and it is considered that the movement of SC-CO 2 jet is driven by the same mass of liquid CO 2 . The fluid transport pipe restrains the radial motion of the high-pressure fluid medium, and there is no interaction with the rock sample. The simulation is performed based on the assumption that liquid fluid is incompressible [29] . Velocity along the axis direction of the pipe is applied to the liquid CO 2 , which drives the SC-CO 2 jet to impinge on the rock sample.
2) INITIAL AND BOUNDARY CONDITIONS
Initial conditions: At the initial moment of calculation, velocities of SC-CO 2 jet and liquid CO 2 meet the following conditions given in Equation (7),
where v liquid and v SC denote the velocities of liquid CO 2 and SC-CO 2 jet, respectively. For this dynamical problem, the initial pressure, density, temperature and spatial position are known. Boundary conditions: When the fluid is inside the nozzle, the pipe provides an impermeable solid boundary. Therefore, fluid velocity in the radial direction is zero on the contact surface. Moreover, under the effects of fluid viscosity and VOLUME 7, 2019 roughness of the wall, axial fluid velocity also equals zero. As shown in Figure 3 , after exiting the nozzle, SC-CO 2 shoots into the rock sample in the form of free submerged jet. Impacting process at the contact surface between the jet and rock sample meets the conditions of displacement compatibility and dynamic equilibrium given by Equations (8) and (9), respectively. s jet = s rock (8) nτ jet = nσ rock (9) where s jet and s rock represent the displacement vectors of jet and target, respectively; τ jet and σ rock denote the stress vectors of jet and target, respectively; and n is the normal vector at fluid-solid coupling boundary.
D. NUMERICAL REPRESENTATION EQUATIONS 1) ROCK SAMPLE
The assumption that rock is an isotropic and continuous material is adopted to establish the finite element model. Constitutive model of rock is given in Equation (10) which is a piecewise bilinear elastoplastic model, as shown in Figure 4 [30], [31] ,
where, E, σ y and H indicate the elastic modulus, yield stress and strain hardening index. The value of β varies from 0 to 1, which indicates that rock property varies from kinematic hardening to isotropic hardening. Kinematic hardening model is suitable for solving dynamic responses. Therefore, the value of β varies from 0 to 1, which indicates that rock property varies from kinematic hardening to isotropic hardening. Kinematic hardening model is suitable for solving dynamic responses. Therefore, the value of β was set as 0.
2) SC-CO 2
Physical parameters of SC-CO 2 such as density and kinetic viscosity are represented by the MAT_NULL material model [32] . Moreover, volumetric deformation behavior is described by a state equation, which is inevitable for dynamics solutions. The linear polynomial equation of state that considers internal energy can be used to describe SC-CO 2 , as shown in Equation (11),
where µ = ρ ρ 0 − 1; ρ, ρ 0 and E denote density, initial density and internal energy per unit volume, respectively; C 0 , C 1 , C 2 , C 3 , C 4 , C 5 , and C 6 are constant properties of the media, C 4 = C 5 = γ − 1; Adiabatic exponent γ = C P C V , where C P and C V represent specific heat at constant pressure and specific heat at constant volume, respectively. The value of γ for CO 2 is 1.3. As SC-CO 2 is a dense gas, it possesses molecular kinetic energy. Moreover, its intermolecular distance is small under high-pressure condition. Therefore, the internal energy of SC-CO 2 consists of potential energy and kinetic energy. Internal energy of one mole of SC-CO 2 can be determined by Equation (12),
where E p indicates molecular potential energy, and E k denotes molecular kinetic energy, which is influenced by temperature. Calculation method of E k is similar to that of ideal gas, as shown in Equation (13),
where N represents number of molecules; N A is the Avogadro constant, and its value is 6.022×10 23 ; m, M , R and k denote quantity, molar mass, gas constant and Boltzmann constant, respectively. i is the degree of freedom, and its value is 6 for CO 2 . SC-CO 2 can be regarded as a Van der Waals gas for calculating its molecular potential energy. When the medium expands, it must resist not only the external forces but also the internal forces. Internal forces are the intermolecular attraction forces. Obviously, force applied against intermolecular attraction is equal to the increase in potential energy. The sum of molecular attraction on both sides of the section for 1 mol of the Van der Waals gas is a/v 2 , and the force against it for 1 mol of Van der Waals gas is shown in Equation (15),
Therefore, the increase in potential energy is given by Equation (16) ,
The integral of Equation (16) is shown in Equation (17),
55488 VOLUME 7, 2019 where a denotes the parameter related to intermolecular attraction, whose value is 3.592atm · L 2 /mol 2 for CO 2 ; v represents the volume of 1 mole of carbon dioxide; and C is the integration constant. For an infinitely rare medium, molecular potential energy is zero when its volume is infinite. Therefore, C is equal to zero, and E p can be expressed by Equation (18),
The value of E for SC-CO 2 can be obtained by Equations (12), (13) and (18) 3) LIQUID CO 2
The MAT_NULL material model was adopted for defining the density and viscosity of liquid CO 2 . Equation of state can be represented by Gruneisen equation for expandable materials, which is given in Equation (19),
where C ' is the intercept of the vs − vp curve; γ 0 is the Gruneisen constant; a is the first order volume correction for γ 0 and µ = ρ/ρ 0 − 1. ρ and ρ 0 denote density and initial density, respectively. 
where εε * and T * represent the effective plastic strain, effective total strain rate normalized by quasi-static threshold rate and homologous temperature, respectively. A, B, λ and M are the input constants.
In the Johnson Cook model, the strain at fracture is given by Equation (21),
where σ * is the ratio of pressure divided by effective stress; ε f denotes the failure strain, and ε is the strain increment; D 1 , D 2 , D 3 , D 4 and D 5 are constants. Fracture occurs when the damage parameter (D = ε/ε f ) reaches the value of 1.
E. MATERIAL PARAMETERS
The material parameters for rock sample, CO 2 and transport pipe are listed in Tables I, II and III, respectively.
IV. NUMERICAL ALGORITHM A. SPH APPROXIMATION FUNCTION
Smooth particle hydrodynamics is a meshless Lagrange particle method, which has great advantages in calculating large deformation problems [35] . Compared with mesh method, SPH successfully prevents the grid distortion and the splash phenomenon of fluid can be observed intuitively [36] . Therefore, SPH is widely used in fluid computations. As the SC-CO 2 jet shows the feature of drastic volume expansion in free field, SPH method is well suited for its numerical modeling.
Interpolation theory is the basis of the SPH method [37] . Any macroscopic variable (density, pressure, temperature, etc.) in SPH can be conveniently calculated using the values of a set of disordered points which are expressed by integral interpolations [38] . The interpolation function is not only used to describe the interaction of particles, but is also used to obtain the kernel estimate of the field at a point. In order to express the motion of particles, kernel approximation function is necessary, as shown in Equation (22),
where f is an arbitrary function for a three-dimensional coordinate variable of x. x represents the location vector of the particle, is the volume of the integral that contains x, and x is a neighboring particle in the support domain. δ(x − x ) is the Dirac δ function. If Dirac δ function is replaced by the smooth function of W (x − x , h), the continuous integral expression of kernel approximation for arbitrary function can be obtained, as shown in Equation (23),
where the angle brackets <> denote a kernel approximation, the parameter h is the smoothing length, and W denotes the smoothing function. Discretization is realized with the help of particle approximation in SPH method. In other words, the continuous integral form of the kernel function approximation is transformed into the form of superposition of all particles in support domain, as shown in Equation (24)(24),
where N is the number of particles in the compact support domain, m j and ρ j represent mass and density of particle j, respectively.
B. SPH NEIGHBORHOOD SEARCH
SPH algorithm represents matter with spherical particles, and the interaction between particles is realized through neighborhood search [39] . The entire region is divided into several subregions with bucket classification. During the process of calculation, each particle will search for particles in the master subregion and its adjacent subregion automatically, which has an effect on a spherical region with a radius of 2h, as shown in Figure 5 [40] . In the numerical model, any two interactive particles obey the conservation laws of mass, momentum and energy, which are given by Equations (25), (26) and (27), respectively. Law of mass conservation is given by Equation (25),
Law of momentum conservation is given by Equation (26),
Law of energy conservation is given by Equation (27) , (27) where N denotes the number of particles; α and β are both space vectors; ρ i and ρ j are the densities of particle i and particle j; x β i is the coordinate component of x along β; W ij indicates the smooth function between particle j and particle i; v β ij represents the velocity for particle i relative to particle j; m j is the mass of particle j; v α i and v α j denote the velocity components of particle i and j along α, respectively; σ αβ i and σ αβ j are the total stress tensors of particle i and j, respectively; e i is the internal energy of particle i; and t is time.
C. A HYBRID SPH-FEM ALGORITHM
FEM is a modern computing method that advanced rapidly with the development of computers. As a typical mesh method, it is widely used in almost all fields of science and technology. However, in the case of large deformation, mesh distortion can occur. In the calculation of explosion and high-speed impact, coupling of SPH and FEM is a very effective method because large deformation only occurs in a limited area [41] , [42] . In the hybrid method, SPH is implemented to express the large deformation area for fluid, and FEM is used to model the small deformation area for solid. At the boundary between SPH particles and FEM model, finite element nodes are listed in the neighborhood search of SPH when the distance between SPH particles and finite element nodes is less than 2 h, as shown in Figure 6 [21] .
At that moment, finite element nodes are regarded as background particles having the same attributes as SPH particles. Mass, position, velocity and stress of the background particles are in accordance with finite element nodes. Coupling of SPH and FEM is realized with a contact algorithm, where SPH particles and finite element nodes are slave nodes and master nodes, respectively. The numerical representation model based on the hybrid algorithm is shown in Figure 7 . The numerical model 55490 VOLUME 7, 2019 FIGURE 8. Velocity vector of particles outside pipe (Unit: ×10 6 cm/µs).
was consistent with the laboratory experimental conditions (length and diameter of rock sample were 50 mm and 25 mm, respectively; nozzle diameter was 2.3 mm and spray distance was 4.6 mm) [43] . Models of liquid CO 2 and SC-CO 2 were established with the SPH method. Moreover, transportation pipe and rock sample were expressed by FEM. The calculation time setting was 100 µs.
V. NUMERICAL RESULTS

A. JET VELOCITY VECTOR
When liquid CO 2 moves along the axis of pipe, collisions occur on the contact surface between liquid CO 2 and SC-CO 2 liquid. Subsequently, SC-CO 2 fluid is ejected from the nozzle after it absorbs energy from the driving medium. Due to the characteristic volumetric expansion, there is a radial velocity component for SC-CO 2 fluid. Furthermore, during dynamic demonstrations, resultant velocity vectors of SC-CO 2 particles change continuously in the pipe due to the restraining effect of the pipe wall.
Vena contracta can be seen near the nozzle where the particles are dense, as shown in Figure 8 . Radial velocity of particles increases significantly when SC-CO 2 discharges from the pipe. The three-dimensional shape of the divergent fluid looks like a crater. When particles reach the target surface, axial velocity decreases sharply, which transforms to the average acceleration and load on the surface of rock sample. Particles bounce at an angle under the influence of oblique velocity component. The angle of the particle impact with the target surface is complex and variable on account of the expansion characteristics of SC-CO 2 jet. Volume of SC-CO 2 expands from 6.9488 cm 3 to 19 cm 3 within 66 µs, which is consistent with the experimental data of liquid CO 2 blasting [44] , [45] .
B. PEAK STRESS DISTRIBUTION ON THE TARGET SURFACE
To predict the space distribution law of failure elements, the peak pressures of nodes on the cruciform path were recorded, as shown in Figure 9 . In the three-dimensional histogram, ordinate origin is the geometrical center of the target surface. Independent variable and dependent variable are the spatial and peak pressures of monitoring points, respectively. Figure 9 illustrates that the high stress region is near the geometrical center of target surface. However, the spatial distribution of stress on the surface is asymmetrical. The maximum value for monitoring points deviates from the center, which is located in quadrant III. It is indicated that the initial failure point would occur in quadrant III. The experiment shows that the point location of the maximum speed in the cross section is not on the axis of the jet.
C. SPACE-TIME EVOLUTION OF THE FAILURE ZONE
Space-time evolution of erosion cavity was investigated from its transverse and longitudinal views, as shown in Figure 10 and Figure 11 . When the jet reached the rock sample, effective stress nephogram developed in the form of approximately concentric circles. Due to the hexahedral element mesh for the numerical model, initial transverse shape of erosion cavity is rectangular. Then, the failure zone develops along the direction of short axis of the rectangle. Subsequently, longitudinal view of erosion cavity appears as an inverted cone, and transverse view remains unchanged in 8 µs. Jet direction governs that the longitudinal evolution rate of the failure zone is larger than the transverse evolution rate.
At the time of 27 µs, discrete failure zones are formed near the main failure zone. Local stress concentration on the edge of crushing zone drives the mutual induction between discrete failure zones and the main failure zone. During this process, the energy of SC-CO 2 jet clearly governs the transverse development. When the connection of these failure zones is completed, traverse failure rate decreases rapidly. A large interconnected erosion cavity appears on the eccentric position of the transverse view, which is consistent with the results of peak stress monitoring on the surface.
Stress wave plays a significant role in determining the lateral boundary of the rock sample. From the dynamic evolution video, it was observed that the reflected tensile wave created a spalling zone with the depth of about 1.5 cm. Moreover, VOLUME 7, 2019 spallation of rock elements can be observed. After 45 µs, the change in eccentric erosion cavity was insignificant. After this, SC-CO 2 jet acted on the rock sample in the form of stable quasi-static pressure, and the failure depth further increased in longitudinal view. Evolution of the large erosion cavity was completed when the SC-CO 2 medium drained out.
To sum up, the evolution of failure zones can be divided into four stages: 1) Evolution of main failure zone; 2) Connection of discrete failure zones; 3) Spalling zone in the lateral boundary; and 4) Continuous expansion of main failure zone.
D. TIME HISTORY OF FAILURE ELEMENTS
The grid setting is hexahedron mesh, and different elements have the same side length. Consequently, time history of failure elements has the same trend as the time-varying information of partial failure volume for a rock sample. Number of failure elements and time are extracted from the numerical results, as shown in Figure 12 . The curve presents an upward trend, which can be divided into five stages in terms of the ascent rate as follows. I: Time interval for stationary stage is from 0 to 6 µs. SC-CO 2 jet moves to the target surface, and elements on the surface absorb energy. However, the energy cannot meet the needs for rock breaking; II: Time interval for slowly rising stage is from 6 µs to 35 µs. The number of failure elements begins to increase slowly. Most of the failure elements are near the target surface. Discrete failure zones and main failure zone are formed in this stage; III: There is a steep rising stage from 35 µs to 42 µs. Due to the irregular voids inside failure zones, volume of failure zone grows rapidly influenced by air wedge effect. In addition, circumferential fracture zone appears in this stage; IV: Compared with previous stage, failure rate clearly decreases during the period from 42 µs to 66 µs. Development of main failure zone contributes to a number of failure elements; V: After 66 µs, failure of rock elements is terminated because SC-CO 2 drains out. It can be concluded that the evolution of the failure zone is concentrated on the steep rising stage.
E. VALIDATION OF SIMULATION RESULTS
Artificial rock samples shown in Figure 14 are made from quartz sand and oil well cement, which have the features of high porosity and low strength. SC-CO 2 jet impinging experiments were carried out under different pressures, which left a rough surface and irregular craters on these samples. Shapes of erosion cavity observed from different views are in accordance with experimental results, as shown in Figure 13 . According to SEM results, tiny cracks and pore properties of rock have a significant impact on erosion effect under SC-CO 2 jet impinging. For sandstone, artificial rock, concrete and other rock masses with the characteristics of multi-porosity and microcrack development, the rock breaking technique with SC-CO 2 jet will be more effective.
VI. CONCLUSION
(1) The hybrid algorithm of SPH-FEM was applied to establish a fluid-solid coupling numerical model in terms of mass and energy conservation and boundary conditions. Based on the numerical model consisting of transport pipe, liquid CO 2 , SC-CO 2 fluid and rock sample, the numerical representation of rock-breaking with SC-CO 2 jet was obtained. This novel approach will help optimize the parameters of SC-CO 2 jet and promote the application of SC-CO 2 in oil resource exploitation.
(2) SC-CO 2 jet shows the feature of rapid volume expansion in the radial direction, and the three-dimensional shape of the divergent fluid appears as a crater. High diffusion coefficient causes the spatial distribution of monitoring stress on the surface to be asymmetrical, which contributes to the formation of eccentric erosion cavity. The evolution of failure zones can be divided into four stages: 1) Evolution of main failure zone; 2) Connection of discrete failure zones; 3) Spalling zone in the lateral boundary; and 4) Continuous expansion of main failure zone.
(3) Numerical results and experimental data demonstrate that failure process of rock under SC-CO 2 jet impinging is mainly volumetric failure accompanied by rock fragment spalling. Firstly, when SC-CO 2 jet reaches the target surface, compression shear stress on the contact area between the jet and rock sample causes the formation of the initial failure zone. Then, the high permeability of SC-CO 2 causes it to enter into irregular voids and cracks inside the failure zone, and volume of failure zone grows rapidly influenced by air wedge effect. High diffusion coefficient of SC-CO 2 contributes to the mutual induction between discrete failure zones and the main failure zone. Finally, when the jet impinging effect becomes steady, erosion cavity expands continuously driven by stable quasi-static pressure. 
